confirmed using RNA blot analysis ( Figure 1H) . The of the stress-responsive gene KIN1 were found at similar levels in the wild-type and sad1 plants ( Figure 1H) . steady-state level of the endogenous RD29A transcript was also higher in sad1 mutant plants under ABA or DREB2A is an osmotic stress-inducible transcription factor that binds to the DRE element in the RD29A proosmotic stress treatments but not under cold stress (Figures 1H and 1I) . Transcripts of another stress-responmoter and likely controls osmotic stress induction of RD29A transcription (Liu et al., 1998). In wild-type plants, sive gene (COR47) were also found at higher levels following ABA treatment of sad1 plants as compared to the DREB2A transcript levels were greatly increased by 200 mM NaCl treatment, but not by treatment with 50 or 100 ABA-treated wild-type ( Figure 1H ). Interestingly, COR47 transcript levels under osmotic stress (NaCl or PEG) mM NaCl ( Figure 1J ). In contrast, substantial increases in DREB2A transcript levels were observed following were not higher in sad1 plants ( Figure 1H ). Transcripts even after sad1 seeds had germinated (i.e., the radicals had emerged), the growth of the seedlings was arrested mM NaCl ( Figure 1J ). This indicates that DREB2A expression is more sensitive to osmotic stress in the sad1 by ABA ( Figure 2F ). In contrast, ABA at a concentration of 0.1 M did not significantly delay the germination of mutant and implies that the sad1 mutation acts upstream of DREB2A. The effect of sad1 on DREB2A exwild-type seeds and did not arrest wild-type seedling growth. pression appears specific, since the transcript levels of another transcription factor gene, RD22BP1 (Abe et al.,
The germination of sad1 seeds was also substantially more sensitive than the wild-type to NaCl stress (Figures 1997), are not more sensitive to ABA or osmotic stress in sad1 mutant plants ( Figure 1H ). 2D and 2E). The presence of 25 mM NaCl had no effect on wild-type seed germination but delayed germination of sad1 seed ( Figure 2D ). In the presence of 50 mM NaCl, The sad1 Mutation Enhances ABA and Osmotic Stress the germination of wild-type seeds was also delayed.
Sensitivity in Seeds and Vegetative Tissues
However, for sad1 seeds the effect of 50 mM NaCl was To determine whether the sad1 mutation affects seed much more pronounced; approximately 40% of sad1 germination in response to ABA or osmotic stress treatseeds failed to germinate even after prolonged incubaments, wild-type and sad1 seeds were plated on filter tion ( Figure 2E ). papers saturated with water, ABA, or NaCl solutions. In
To test the effect of sad1 on root sensitivity to ABA, the absence of exogenous ABA or NaCl, sad1 seeds wild-type and sad1 seedlings grown in vertical agar germinated later than the wild-type (Figure 2A ). This plates lacking ABA were transferred to vertical agar delayed germination represents increased dormancy in plates supplemented with various concentrations of sad1 seeds, presumably due to their increased sensitiv-ABA. New root growth was measured 6 days after transity to endogenous ABA. In the presence of 0.1 or 0.5 fer. As compared to the wild-type, sad1 root elongation M ABA, the germination of sad1 seeds was further was substantially more sensitive to ABA ( Figure 3A ). The delayed ( Figures 2B and 2C) . At day 3, virtually all wildincreased sensitivity to ABA inhibition was particularly type seeds germinated. In contrast, only 37% and 18% dramatic at low concentrations of ABA. At 1.0 M ABA, of sad1 seeds germinated in the presence of 0.1 or sad1 root elongation was inhibited by approximately 0.5 M ABA, respectively ( Figures 2B and 2C ). In the 40% whereas wild-type root growth was stimulated (Figpresence of 0 .5 M ABA, more than 20% of sad1 seeds ure 3A). At higher ABA concentrations, wild-type root failed to germinate, even after prolonged incubation elongation was also inhibited, but the degree of inhibi-( Figure 2B ). The sensitivity of sad1 seeds in germination tion was consistently lower than that of sad1 roots. Comto ABA was also seen at other ABA concentrations pared to that of the wild-type, root elongation of sad1 tested ( Figure 2C) . mutant plants was also inhibited to a greater extent by On agar medium, supplementation of 0.1 M ABA had NaCl stress ( Figure 3B ). a striking effect on sad1 seed germination and seedling Hyperosmotic stress causes damage and even death growth. The germination of sad1 seeds was again delayed by treatment with ABA (data not shown). However, to plants. sad1 mutant plants were more sensitive to damage by high concentrations of NaCl or mannitol (FigMore than 85% of sad1 cotyledons were killed by 150 mM NaCl, compared to less than 10% of wild-type cotyures 3C and 3D). Exposure to 100 mM NaCl did not kill the cotyledons of wild-type seedlings but killed the ledons ( Figure 3C ). Exposure to 200 mM NaCl for 7 days killed most sad1 seedlings whereas virtually all wildcotyledons in nearly 50% of sad1 seedlings ( Figure 3C ). type seedlings survived ( Figures 3C and 3F) . Similarly, high concentrations of mannitol also caused significantly more damage to sad1 seedlings as indicated by the greater proportion of sad1 plants than wild-type having yellow (i.e., damaged) cotyledons ( Figure 3D ).
To test sensitivity to desiccation, sad1 and wild-type seedlings were treated with 30% (w/v) polyethylene glycol (PEG) to mimic drought stress, and leakage of electrolytes was determined as a measure of tissue damage. Seedlings of sad1 showed substantially greater ion leakage, indicating that the mutant is more sensitive to drought stress ( Figure 3E ). Compared to wild-type plants, adult sad1 mutant plants are approximately 60% smaller in size, with dark green, round leaves ( Figures 3G and 3H) .
The sensitivity of sad1 mutant plants to other hormones was also investigated. With respect to root growth or hypocotyl elongation, no differences were observed between sad1 and the wild-type in response to treatments with epi-brassinosteroid, 2,4-D, gibberellic acid (GA 3 ) and the ethylene precursor aminocyclopropane-1-carboxylic acid (ACC) (Figure 4 and data not shown). Application of GA 3 to soil-grown sad1 seedlings until bolting (which involved spraying with 10 M GA 3 , twice weekly) did not significantly rescue the short stature of sad1 (data not shown). Unlike for the wild-type, root elongation in sad1 plants was not stimulated by 1% glucose, yet the response to higher concentrations of glucose was similar to that of the wild-type ( Figure 5A ). served for the wild-type, suggesting that, although sad1 mutant plants do not appear to be hypersensitive to ABA in stomatal regulation under this particular treatment wild-type (Table 1 ). The levels of ABA-glucose esters condition, they are not insensitive to ABA.
(cis-ABA·GE and trans-ABA·GE) did not differ signifiThe abilities of sad1 and wild-type plants to synthesize cantly between sad1 and wild-type plants (Table 1) . ABA were quantified by gas chromatography mass spectrometry (GC-MS) analysis of total and heavy oxygen-labeled ABA and ABA catabolites using plants subPositional Cloning of the SAD1 Locus The mutant phenotypes described above imply a crucial jected to drought stress within an 18 O 2 atmosphere (Rock and Ng, 1999). As compared to the wild-type, sad1 plants role for SAD1 in regulating ABA and osmotic stress sensitivity and ABA homeostasis. Genetic analysis sugsynthesized significantly less ABA (Table 1) . A 4-fold increase in ABA content was observed in wild-type gested that sad1 is a recessive mutation in a single nuclear gene (data not shown). In order to clone SAD1, plants in response to drought stress. In contrast, there was only a slight increase in ABA content in sad1 plants the sad1 mutation was first mapped to a 130 kb region on chromosome 5 ( Figure 5A ). Then, two overlapping in response to drought stress. This increase was significantly lower than that seen for the wild-type, whether transformation-compatible bacterial-artificial-chromosome (TAC; Liu et al., 1999) clones (K24G6 and K19E20) measured as total ABA or as 18 O 2 -enriched (i.e., de novo synthesized) ABA (Table 1 ). In addition, the immediate covering this region, as well as a neighboring clone (K20J1), were separately introduced into the sad1 mucatabolite of ABA, phaseic acid (PA), was observed to accumulate to a lower level in sad1 plants than in the tant plants by Agrobacterium-mediated transformation. , and NCED mRNA metabolism. Therefore, one might expect that the sad1 mutation might have a general impact on me-(encoding 9-cis-epoxycarotenoid dioxygenase) (accession 5041970). For both the wild-type and sad1 plants, tabolism of all mRNAs. To assess the global impact of the sad1 mutation on gene expression, a cDNA microartranscript levels of AAO3 and ABA3 were clearly enhanced by treatment with exogenous ABA ( Figure 6A ). ray assay was conducted using sad1 and wild-type seedlings that either were untreated or treated with 100
In contrast, transcript levels for NCED was not induced by ABA treatment, and the transcript levels of ABA1 M ABA for 1 hr. It was found that the expression of only a very few genes was changed in the mutant relative were only slightly enhanced and then only by higher ABA concentrations. However, in sad1 plants, the degree of to wild-type plants (data not shown). Among these, a protein phosphatase 2C (PP2C)-like gene (accession ABA induction of the AAO3 and ABA3 genes was substantially lower than that observed for the wild-type (Fig-4159705) was found to have a lower level of expression in the mutant. RNA gel blot analysis confirmed that tranure 6A). Additionally, the induced elevation of ABA3 transcripts under drought stress was lower in sad1 than in scripts of this PP2C-like gene were at lower levels in sad1 plants than in the wild-type following ABA treatthe wild-type ( Figure 6B ). Alterations in the transcript levels from the AAO3 gene was too low to be seen ments ( Figure 6A) , whereas transcripts for a PP2A gene (accession U08047) were found at similar levels within clearly with our stress treatment (data not shown), which was less severe than that employed in another study sad1 and wild-type plants. Since this PP2C shows 50% similarity to ABI1 (also a PP2C but not included in the (Seo et al., 2000) . These data suggest that ABA positively feedback regulates the expression of some ABA biosynmicroarray), we probed the same blot with ABI1. Interestingly, the ABI1 transcript levels in wild-type and sad1 thesis genes and that sad1 mutation impairs this regulation. plants were similar, suggesting that ABA induction of ABI1 is not impaired in sad1.
Since the sad1 mutation reduces drought-and ABAregulated LOS5/ABA3 and AAO3 gene expression and Transcript accumulation of the PP2C-like gene was not induced by salt treatment and the low basal level in the products of these genes function in the last step of ABA biosynthesis, namely the conversion of ABAsad1 did not differ much from that of the wild-type plants ( Figure 6C) . Interestingly, the induction of ABI1 by salt aldehyde to ABA, we examined whether this step might be impaired in sad1 mutant plants. Rosette leaves of in sad1 was substantially reduced relative to that in wildtype ( Figure 6C ). For example, ABI1 transcript abunsad1 plants converted exogenous ABA aldehyde to ABA at only one-third the levels seen for leaves of the corredance under 150 mM NaCl treatment in the wild-type was 1.8 times higher than that in sad1 ( Figure 6C) . sponding wild-type (Table 1) . Levels of ABA catabolites One possibility is that the sad1 mutation affects the decay rate of mRNA for an early component(s) in ABA signaling. The fact that both the LUC (luciferase gene) and endogenous RD29A transcript levels are higher in sad1 than those in the wild-type suggests that sad1 mutation does not specifically affect the RD29A or LUC transcript turnover since LUC and RD29A are unrelated in nucleotide sequence. Thus, SAD1 must directly or indirectly regulate the upstream signaling events that control gene transcription. Because low temperature gene regulation and responses to other hormones such as ethylene, cytokinin, and brassinolides are not significantly altered in the mutant, sad1 appears either specifically to affect ABA and osmotic stress responses or to have a relatively more significant impact on ABA and osmotic stress signaling. 
